An interface crack with a frictionless contact zone at the right crack-tip between two dissimilar magnetoelectroelastic materials under the action of a thermal flux and remote magnetoelectromechanical loads is considered. The open part of the crack is assumed to be electrically impermeable and magnetically permeable, and the crack faces are assumed to be heat insulted. The inhomogeneous combined DirichletRiemann and Hilbert boundary value problems are, respectively, formulated and solved analytically. Stress, electrical displacement intensity factors as well as energy release rate are found in analytical forms, and analytical expressions for the contact zone length have been obtained for both the general case and the case of small contact zone length. Some numerical results are presented, which show clearly the effects of thermal and magnetoelectromechanical loads on the contact zone length, stress intensity factor and energy release rate. Results presented in this paper should have potential applications to the design of multilayered magnetoelectroelastic structures and devices.
Introduction
Magnetoelectroelastic materials have been widely used in electronics industry. The technical applications include waveguides, sensors, phase invertors, transducers, etc. (Parton and Kudryavtsev, 1988) . In the design of magnetoelectroelastic structures, it is important to take into account the defects/imperfections, such as cracks, which are often pre-existing or are generated by external loads during the service life. Therefore, in recent years, research on fracture mechanics of magnetoelectroelastic materials has drawn a lot of interest (Li, 2001; Heyliger et al., 2004; Zhou et al., 2004; Chue and Liu, 2005; Feng et al., 2005 Feng et al., , 2007 Pan and Han, 2005; Hu and Li, 2005; Feng and Su, 2006; Li and Kardomateas, 2006; Wang et al., 2006 Wang et al., , 2008 Zhao et al., 2006; Yong and Zhou, 2007; Li and Lee, 2008; Kuna, 2008, 2010; Singh et al., 2009; Zhong and Zhang, 2010; Sladek et al., 2011; etc.) .
For two-dimensional (2-D) plane crack problems of homogeneous magnetoelectroelastic medium, numerious research achivements have been made (Liu et al., 2001; Gao et al., 2003a; Gao et al., 2003b; Sih et al., 2003; Song and Sih, 2003; Tian and Gabbert, 2004; Tian and Gabbert, 2005; Wang and Mai, 2007; Zhong and Li, 2007; Zhou et al., 2007; Chen, 2009a; Zhong et al., 2009 ). For interface crack problems, some results have been obtained as well. For example, Gao et al. (2003) derived the exact solution for a permeable interface crack between two dissimilar magnetoelectroelastic solids. Li and Kardomateas (2007) investigated the interface crack problem of piezoelectromagneto-elastic anisotropic bimaterials under in-plane deformation taking into account the electric-magnetic field inside the interface crack. Feng et al. (2009) considered the transient response problem of interface cracks between two dissimilar magnetoelectroelastic layers. Li et al. (2009) analyzed the magnetoelectroelastic field induced by a crack terminating at the interface of a bi-magnetoelectrical material. It should be pointed out that the oscillating singularity on the crack tip (Williams, 1959; Rice, 1988) exists in all the above-mentioned interface crack problems. More recently, in order to eliminate this kind of oscillating singularity, the contact zone model (Comninou, 1977; Atkinson, 1982; Dundurs and Gautesen, 1988) has been introduced to interface crack problems of magnetoelectroelastic bimaterials (Herrmann et al., 2010; Feng et al., 2011; Ma et al., 2012) . Among these achievements, Herrmann et al. (2010) firstly investigated the fracture behaviors of the crack tips under uniform magnetoelectromechanical loads, where two kinds of magnetoelectrical boundary conditions on crack faces, i.e., magnetoelectrically permeable, magnetically impermeable and electrically permeable, were adopted. Feng et al. (2011) assumed the crack faces to be subjected to concentrated magnetoelectromechanical loads, analyzed the corresponding fracture behaviors in detail for different magnetoelectrical boundary conditions, and gave a lot of numerical results. Ma et al. (2012) adopted the magnetically permeable and electrically impermeable crack surface condition, further revealed the effects of uniformed magnetoelectromechanical loads on the contact zone length, stress intensity factor and energy release rate.
On the other hand, although the crack problems of homogeneous magnetoelectroelastic materials under thermal load are widely investigated (Gao et al., 2003c; Niraula and Wang, 2006; Wang and Niraula, 2007; Chen, 2009b; Sladek et al., 2010) , the results related to the corresponding interface crack problems of magnetoelectroelastic bimaterials are very limitted. To the best of our knowledge, Gao and Noda (2004) presented an explicitly analytic solution for a generalized 2D problem of an interface crack between two dissimilar magnetoelectroelastic materials under uniform thermal flux, where the crack was assumed to be magnetoelectrically permeable. It is worth mentioning that Zhu et al. (2009) further investigated the mixed-mode stress intensity factors of 3D interface crack in fully coupled thermomagnetoelectroelastic multiphase composites by using the extended hypersingular intergro-differential equation (E-HIDE) method. Only recently, Ma et al. (2011) discussed the fracture problem of a half-infinite interface crack between two dissimilar magnetoelectroelastic materials under thermal flux and magnetoelectromechanical loads, where the general condition for the transition from a perfect thermal contact of two magnetoelectroelastic halfplanes to their separation was given. However, because of the mathematical complexity, up till now, the problems of interface crack with contact zone under loads have never been further reported.
In this paper, therefore, we analyze the interface crack problem under the action of thermomagnetoelectromechanical loads by introducing the contact zone model, where the electrically impermeable and magnetically permeable crack surface condition is adopted. After some complicated mathematics manipulations, an exact analytical solution of the problem has been obtained, the contact zone length, Mode-II stress intensity factor (IF) and energy release rate (ERR) are all derived analytically, and the particular case related to the classical interface crack model is considered. Finally some typical numerical results are further presented to show the effects of the applied thermomagnetoelectromechanical loads on these important physical quantities. These obtained results and/or conclusions could be of particular interest to the analysis and design of smart sensors/actuators constructed from magnetoelectroelastic composite laminates.
Basic relations for a magnetoelectroelastic solid
For a stationary process, in the absence of body forces and free charges, the gorverning equations for a linear magnetoelectroelastic material can be presented in the form (Gao and Noda, 2004) 
where 
In Eqs. (3)- (7), u k, u, / and T are the elastic displacements, electric potential, magnetic potential and temperature change, respectively; r ij, D i, B i and q are the stresses, electric displacements, magnetic inductions and thermal flux, respectively; c ijlm, e ij , l ij and k ij are the elastic tensors, dielectric and magnetic permeability tensors, heat conduction coefficients, respectively; e ijk, f ijk and g ij are the piezoelectric, piezomagnetic and magnetoelectric coefficients, respectively; b iJ for J = 1, 2, 3 are the stress-temperature coefficients, and b i4 and b i5 are the pyroelectric and pyromagnetic constants, respectively. A subscript comma denotes the partial differentiation with respect to the coordinates (i.e., x 1 , x 2 , x 3 ), and summation from 1 to 3 (1 to 5) over repeated lowercase (uppercase) subscripts is assumed. It should be pointed out that the following symmetry relations in Eq. (7) hold true.
Assuming all fields are independent on the coordinate x 2 and using the method developed by Clements (1983) for thermoelastic problems, one obtains the following general solution of Eq. (2) (see also Gao and Noda, 2004; Herrmann and Loboda, 2003a; etc.) 
where z t = x 1 + sx 3, the prime ( 0 ) denotes differentiation with respect to the argument, the overbar stands for the complex conjugate, and s is a root with a positive imaginary part of the equation
In the case of transversely isotropy and plane strain in the plane (x 1 , x 3 ), which has an essential practical significance, a general solution of Eq. (1) by using the Lekhnitskii-Eshelby-Stroh representation and its application to magnetoelectroelastic materials can be presented in the form (Gao and Noda, 2004) V 
iJ , respectively, is considered ( Fig. 1 , with superscripts ''(1)'' and ''(2)'' denoting, respectively, the field quantities in materials 1 and 2). We assume, that the component q 3 of the thermal flux vector and the vector t are continuous across the whole bimaterial interface, that the part L = (À1, c) S (b, 1) of the interface À1 < x 1 < 1, x 3 = 0 is magnetoelectromechanically bounded, and that the crack surfaces are extended traction-free for x 1 e [c, a] = L 1 whilst they should be in frictionless contact for x 1 e (a, b) = L 2 where the position of the point a is arbitrarily chosen for the time being. Furthermore, we assume that the half-planes are loaded at infinity with uniform stresses r ¼ b 0 . Besides, a uniform thermal flux q 0 in the x 3 -direction is imposed at infinity. In the meantime, we assume crack faces are electrically impermeable and magnetically permeable. By the way, taking into account that the influence of one contact zone upon the other contact zone is negligibly small (Dundurs and Gautesen, 1988; Kharun and Loboda, 2003) , in the present study only the right contact zone is considered. Certainly, if the load causes a longer contact zone at the left crack tip, then it can be taken into account by a simple transposition of the half-planes (Herrmann et al., 2010) .
The solution of the obtained problem can be constructed as the sum of two parts-a state of uniform magnetoelectromechanical loads ðr 0 ; s 0 ; d 0 ; b 0 Þ and thermal flux q 0 , and a perturbed state caused by the interface crack with a contact zone. Because the homogeneous fields including magnetoelectromechanical field and temperature field are out of our interest and the perturbed field induced by the interfacial crack to ðr 0 ; s 0 ; d 0 ; b 0 Þ has been analyzed in detail before (Ma et al., 2012) we are now paying main attention on the perturbed state induced by the interface crack to the thermal flux q 0. For this case, the continuity and boundary conditions at the interface can be written in the following form: 
where
In Eq. (25), the signs ''+'' and ''À'' denote the upper and lower parts of the interface. Certainly, the corresponding boundary conditions at infinity should also be satisfied.
The thermal solution of the perturbed field to the thermal flux
Introducing auxiliary functions (Herrmann and Loboda, 2003a) , 
It should be pointed out that in the process of deriving Eq. (27), the boundary condition q 3 ðx 1 ; x 3 Þj x 3 !1 ¼ 0 has been used.
Substituting Eq. (27) into Eq. (23b) yields the following equation
The solution of Eq. (29) disappearing at infinity can be presented in the form
which gives after integration the following expression
wherez ¼ z À c 0 , z = x 1 + ix 3 and the integration constant c 0 = (c + a)/ 2 is introduced to satisfy the condition h 0 ðzÞj z!1 ¼ 0. Thus, the temperature jump across the material interface for x 1 e L 1 and the thermal flux for x 1 > a can be presented in the following form:
3 ðx 1 ; 0Þ ¼ q 0
Eq. (32) completely defines the temperature jump and the thermal flux in the bimaterial system for any position of point a. Eq. (32) also reveals that the temperature jump across the interface crack depends on not only the thermal flux applied at infinity but also the related material properties, and that the thermal flux, however, is independent of material constants. In addition, Eq. (32b) implies thermal flux has a square root singularity. All these phenomena are in fact similar to the ones observed before for piezoelectric bimaterial interface crack problems (Herrmann and Loboda, 2003a) 3.3. The magnetoelectroelastic solution of the perturbed field to the thermal flux Carrying out a derivation similar to the one by Herrmann and Loboda (2003a) , the following expressions at the interface are obtained from Eqs. (12), (13) and (24)
As pointed out before (2007)
ðzÞ, respectively, where all the quantities with the sign ''. . .'' denote the corresponding quantities in the papers of Gao and Noda (2004) and Li and Kardomateas (2007) . Furthermore, the matrix G in Eq. (34) 
where F j ðzÞ ¼ n j1 W 1 ðzÞ þ i½n j3 W 3 ðzÞ þ n j4 W 4 ðzÞ ð45Þ
; S j4 ðj ¼ 1; 3; 4Þ are, respectively, the eigenvalues and eigenvectors of the matrix denoting the extended stress at infinity. On the other hand, noting that for the present perturbed solution induced by the interface crack to the thermal flux q 0 , t 1 = 0, we finally have W 5 0 in present section.
In addition, as explained in Herrmann et al. (2010) , m ji , n ji (j, i = 1, 3, 4) are all real, and the properties of the roots of the equation
Moreover, taking into account that all fields called by the perturbed thermal state disappear for large z, the conditions at infinity for the functions F j (z) used in Eqs. (43) and (44) can be written as follows:
Satisfying the boundary conditions (24b) by means of Eq. (43) gives
Noting the fact that m 41 = 0, n 41 = 0 and satisfying the first three of the boundary conditions (24c) yield from Eqs. (43) and (44) Im
Taking into account that the problem (48) and (49) for j = 3 is same as the one for j = 1, thus, in this paper we only consider Eqs. (48) and (49) for j = 1. Using Eq. (36) one gets from Eqs. (48) and (49) 
Eqs. (51) and (52) represent an inhomogeneous combined Dirichlet-Riemann boundary value problem for the sectionally holomorphic function F 1 (z). Eq. (47) for j = 1 can be used as a condition at infinity for this problem.
Using Eq. (48) for j = 4 as well as Eqs. (31) and (50) one arrives at Hilbert problem for the function F 4 (z) .
It is worth mentioning that F 4 (z) is analytic in the whole plane with a cut along L 1 only, and that Eq. (47) for j = 4 can also be used as a condition at infinity for determining F 4 (z) .
Extending the method developed by Loboda (2003a, 2003b) , the solution of the inhomogeneous combined Dirichlet-Riemann problem can be derived as
x 1 ðzÞ ¼ 1 2pi
And the solution F 4 (z) of the Hilbert problem (55) satisfying the required condition at infinity can be expressed as:
Using the solutions (57) and (60) and Eq. (43), the normal stress and the electrical displacement at the interface can be found from the following system: 
the shear stress is defined by the formula r ð1Þ 13 ðx 1 ; 0Þ ¼ m
Moreover, by means of Eqs. (44), (57), and (60), the normal displacement and electrical potential jumps at the interface can be found from the following system:
and the transversal displacement jump can be given by:
Thus, by means of Eqs. (63)- (66) 
where XðzÞ ¼ ðz À cÞ À1=2þie ðz À aÞ
By neglecting the integrals in Eqs. (58b) and (58d) (Herrmann and Loboda, 2003b ) the following formula forF 1 ðzÞ % F 1 ðzÞ can be further obtained.
The stresses and the electrical displacements as well as the derivatives of the normal displacement and the electrical potential jumps at the interface can be found from Eqs. (61)-(64) in which F AE 1 ðx 1 Þ instead of F AE 1 ðx 1 Þ should be taken. All formulas in this case appear to be extremely simple and according to the numerical verification they can be used not only for very small but also for moderate values of k.
Fracture parameters at the singular points
For the present crack model, the shear stress is not singular at 
Thus, the Mode-I and Mode-II stress and electrical displacement IFs are defined as follows (Herrmann and Loboda, 2003a; Feng et al., 2011) :
33 ðx 1 ; 0Þ ð 71aÞ
13 ðx 1 ; 0Þ ð 71bÞ
3 ðx 1 ; 0Þ ð 71cÞ
It is remarked that the singularities of all kinds of field intensity factors at singular points are, respectively, discussed by Herrmann and Loboda (2003a) for piezoelectric bimaterial problems and by Feng et al. (2011) for magnetoelectroelastic bimaterial problems. Using the exact formulas (61), (57) and (60), one gets:
It is obvious that the IFs K 1 and K 4 can be found from Eqs. (72a) and (72b). In addition, the quantity I 0 depends on the integrals which can be obtained only by numerical calculation.
An evaluation of the right hand sides of Eqs. (63) and (64) leads to the following asymptotic expressions:
where a = (c 1 + 1) 2 /(4c 1 ) and H 22 = À2m 11 /n 11 (c 1 + 1). The solution of Eq. (75) gives: 
D n ¼ n 13 n 44 À n 43 n 14 ð79cÞ
As pointed out before, for the crack problems under purely megnetoelectromechanical loads, the fracture parameters have been investigated in detail (Ma et al., 2012) . For convenience, the expressions of both the corresponding IFs and ERRs are listed in Appendix A. It is worthy to note that the asymptotic expressions of Eqs. (77) and (78) completely coincide with the associated expressions for the case under purely megnetoelectromechanical loads. Therefore, the ERRs under thermal load defined for the points x 1 = a and x 1 = b, respectively, have also the same forms as the ones given before for the cese under magnetoelectromechanical loads, i.e.:
For a small k, the use of the functionF (61) and (62) gives the approximate expressions for the IFs as follows:
Setting a À c = l, one further gets from Eqs. (72b) and (82) (Herrmann and Loboda, 2003b) 
It should be pointed out that for a small value of k Eqs. (76)- (78) remain valid by using K j instead of K j ðj ¼ 1; 2; 4Þ in their right-hand sides.
For purely magnetoelectromechanical loads, the IFs for a small k are defined by the following relations (Ma et al., 2012 Therefore, for a combination of magnetoelectromechanical load and thermal load, the IFs should be a sum of the correspondent IFs (84) and (85). In addition, it should be pointed out that in general, the contact zone length is extremely small, thus, Eqs. (84) and (85) play an important role in the analysis of the real situations of interface crack with contact zone.
Real contact zone determination
The solution of the interface crack problem obtained in the previous chapter is mathematically correct for any position of the point x 1 = a. But for an arbitrary value of a this solution is not always physically admissible, and therefore, the necessary additional conditions are required for the physical correctness, and they read as follows: r ð1Þ 33 ðx 1 ; 0Þ 6 0 x 1 2 L 2 ð86aÞ
An analytical analysis and numerical verifications show that these inequalities hold true if a is taken from the segment [a 1 , a 2 ] providing a 1 6 a 2 , where
and k 1 is the maximum root taken from the interval (0, 1) of the equation 
It is remarked that Eq. (88) implies that the singularity in the normal stress at x 1 = a is deleted.
For arbitrary values of k 1 and k 2 these equations can be analytically formulated by means of Eqs. (72a), (72b) and (77), and the associated formulas under purely magnetoelectromechanical loads (see Appendix A). And for small values of k 1 and k 2 , by use of Eqs. (77), (84a) and (85), Eqs. (88) and (89) can be respectively rewritten as follows:
Re e
Recollecting
while the other components of Eq. (90) are independent of k, the exact analytical solutions of Eq. (90) can be presented in the following form:
and n should be taken to choose the maximum root of Eq. (90) from the interval (0, 1). It is worthy to note that for a fixed i, Eq. (90) is appropriate for small values of k i (approximately for k i < 0:01). However, if the values ofk 1 andk 2 are of essential magnitude, the numerical solutions of Eq. (88) and/or Eq. (89) should be found and the precise magnitudes of k 1 or k 2 have to be obtained by a more complex calculation procedure.
In addition, as pointed out for piezoelectric bimaterial interface crack problems (Herrmann and Loboda, 2003b) , the real position of the point x 1 = a should be uniquely defined by the inequalities (83). However, for the case considered here, as displayed later (e.g., in
Figs. 2 and 5 in Section 7), a set of positions a e [a 1 , a 2 ] providing a 1 6 a 2 satisfy the inequalities (86). For convenience, this set can be defined as following
Obviously, the most interesting situation is connected with X a -;, and it is clear that for any of such cases a unique contact zone defined by a real position of the point x 1 = a should exist. Taking into account that for a thermal load the signs of H i,j (i, j = 1, 4)-remain the same as the ones for purely magnetoelectromechanical loads, the real position of point x 1 = a under applied thermomagnetoelectromechanical loads should coincide with a 1 as well provided X a -; holds true.
The classical models
For the sake of completeness, the main results for the classical interface crack model (i.e., b = a, L 2 = £) will be obtained by a simple degeneration procedure. In this case, a perturbed thermal state is defined by Eqs. (51) and (55) with the condition at infinity (47) providing the absence of magnetoelectromechanical loads. The solution (60) of the problem (55) and (47) remains valid here while the solution of the Hilbert problem (51) and (47) obtained in the same way can be written in the form
Thus, all the required characteristics at the interface can be found by means of Eqs. (97) and (60) 
From Eqs. (91b) and (98) the stresses and electrical displacement at the interface can be found. By introducing the IFs from the formula: and by using Eq. (98), one finally gets
with w = e ln l. From the last equation and Eq. (72b) (by changing K 1 and K 4 for k 1 and k 4, respectively), all the corresponding IFs for the classical crack model can be found. Using the expressions (97) and (100), the following asymptotic expression valid for x 1 ? a -0 can be obtained from Eq. (44) for j = 1
Combining Eq. (101) with the following expression:
obtained by integration of (75b) (where K 1 and K 4 are replaced by k 1 and k 4, respectively), the displacement and electrical potential jumps at the crack tip can be found. It is worth mentioning that the formulas (98)-(102) have the same forms as the ones of (74), (75a), (75b), (76)-(78) displayed by Herrmann and Loboda (2003b) for piezoelectric interface crack problem. Finally, It is worthy to point out that as a necessary additional condition , the direction of the thermal flux q 0 should be chosen to be negative since for the magnetoelectroelastic materials considered here, the value of (g 33 0 3 + g 13 0 1 ))/g 11 is negative .
Numerical results and discussions
In this section, some typical numerical calculations are carried out. In all our numerical procedures, without loss of generality, r 0 is taken as 4.2 Â 10 reflect the load relations between the applied electrical and mechanical loads and between the applied thermal and mechanical loads, respectively. Most of the corresponding material properties including elastic, dielectric, magnetic permeability constants and piezoelectric, piezomagnetic, magnetoelectric coefficients are taken from Sih et al. (2003) and Herrmann et al. (2010) . The stress-temperature coefficients, pyroelectric and pyromagnetic constants, heat conduction coefficients are taken from Hou et al. (2009) . For convenience, the material constants of them are simultaneously listed in Table 1 . Numerical results are plotted in Figs. 2-8 and Tables 2 and 3 , where Fig. 2 , the calculated contact zone length k 1 and k 2 with respect to the applied thermal load Àk q are respectively displayed for different shear-normal load coefficients j as k D ¼ 0. Because the values of k are usually extremely small, the logarithmic scale is used here. Fig. 2 shows that for the considered magnetoelectroelastic bimaterials, k 1 is indeed larger than k 2 . Thus, the real relative contact zone length k 0 should be given by k 0 ¼ k 1 (Herrmann -ln(λ) and Loboda, 2003a). Table 3 displays the corresponding contact zone length k 0 for some larger values of Àk q . From Fig. 2 and Table  2 , it can be seen that the relative contact zone length increases with the increasing of thermal load for small values of j (for example j = 0, 1), and decreases for larger values of j (for example j = 2, 5), which agrees with the results obtained by Loboda (2003a, 2003b) for interface crack problem of piezoelectric bimaterials. However, it should be noted that for any value of j the relative contact zone length for Àk q ! 1 tends to a fixed value, i.e., k 0 ¼ 2:6132 Â 10 À12 , which is, in fact, equal to the corresponding contact zone length for the present magnetoelectroelastic bimaterial system under purely thermal load. The similar phenomenon has also been observed for thermopiezoelectric materials Loboda, 2003a, 2003b) and for thermoelastic bimaterials (Herrmann et al., 2004) . Besides, Fig. 2 also implies that for a fixed r 0, when the direction of the thermal flux satisfies the necessary condition discussed before and j = 0 (i.e., s 0 = 0), the relative contact zone length is larger for q 0 e > 0 than the one for the case of no thermal load applied, which agrees with the corresponding conclusions for either piezoelectric bimaterials or elastic bimaterials as well Loboda, 2003a, 2003b; Kharun and Loboda, 2004) . Fig. 3 and Table 3 show the values of ðK 2 þ K ðmemÞ 2
Þ=K 0 versus
Àk q , where
Obviously, the normalized Mode-II IF increases with the increasing of Àk q In the meantime, Fig. 3 indicates that the normalized Mode-II IF increases with the increasing of the applied shear load as well, which has been early observed by Herrmann et al. (2010) for interface crack peoblems of magnetoelectroelastic bimaterials under magnetoelectromechanical loads and by Loboda (2003a, 2003b) for interface crack problems of piezoelectric bimaterials. Fig. 4 shows the normalized total ERRs (G + G
)/G 0 versus the normalized applied thermal load Àk q for different shear-normal load coefficients j as k D ¼ 0. It is easily seen that the normalized total ERRs increase rapidly with the increasing of Àk q . Thus, according to maximum energy release rate criterion, the larger Àk q is, the easier growth and propagation the right crack tip is. In addition, Figs. 3 and 4 also imply that for the present load cases, the total energy release rate and Mode-II SIF can be used equivalently as the fracture parameters.
In Fig. 5 the relative contact zone lengths versus the normalized applied electrical load k D for different normalized applied thermal load Àk q as j = 0 are firstly displayed. As shown in Fig. 5 , increasing k D generally leads to an increase of the relative contact zone length. when k D is less than a definite value designated as k D , the contact zone is not existed.
The influence of the electrical load upon the electrical displacement intensity factor is displayed in Fig. 6 . From Figs. 5 and 6, it can be observed that as 
it is easily known k 1 ¼ k 2 (i.e., a 1 = a 2 ), which implies that the interface crack closes smoothly at the point x 1 = a 1. As shown in Fig. 6 , for the present bimaterial system, k D are equal to À15.27, À10.56, À23.85 and À36.71 for k q are equal to 0, À1, À2, À5, respectively. Table 1 Material property Herrmann et al., 2010; Hou et al., 2009 In addition, we remark that as
< 0, the second inequality of (86b) does not hold true. Thus, the set X a defined by (96) becomes empty, i.e., the contact zone model associated with the interface condition (24) does not exist. This situation is similar to the well-known result concerning the possibility of a transition from a perfect thermal contact of two isotropic bodies to their separation reported for example by Barber and Comninou (1983) . And in such a case a new thermomagnetoelectrical interface condition should be presented. However, as demonstrated before, for the materials considered in this paper, k D is usually much less than zero, therefore, the interface conditions (24) are generally applicable.
Figs. 7 and 8, respectively, show the effects of the electrical load k D on the normalized Mode-II SIFs ðK 2 þ K ðmemÞ 2 Þ=K 0 and the normalized total energy release rates (G + G (mem) )/G 0 for different normalized applied thermal loads Àk q as j = 0. As shown in Fig. 7 , the Mode-II SIFs increase monotoneously with the increasing of k D . Fig. 8 implies that even if the contact zone exists, the directions of the electrical load could slightly affect the total ERRs. According to energy release criterion, both negative electrical load and large positive electrical load in general impedes crack propagation and growth. Table 3 Normalized Mode-II SIFs ðK2 þ K 
Conclusions
An electrically impermeable and magnetically permeable interface crack with a contact zone between two dissimilar magnetoelectroealstic materials under the action of thermomagneto electromechanical loads has been considered. First, the matrix-vector representations (33) and (34) for the stresses, electrical displacement and magnetic induction as well as for the derivatives of the jumps of the displacements, electrical and magnetic potentials via a sectionally-holomorphic vector-function are given. Next, the combined Dirichlet-Riemann and Hilbert boundary value problems are, respectively, derived and solved. Then, the stress, electrical displacement intensity factors as well as the energy release rate are all obtained in concise and analytical forms which become especially simple for small values of the contact zone length. The transcendental equations for the determination of real contact zone length are derived simultaneously. The analytical formulas for the main magnetoelectromechanical characteristics correspondent to the classical (''open'') crack model are given as well. Finally, some typical numerical results are plotted and discussed in detail. From the theoretical and numerical results, the following conclusions can be drawn:
For the electrically impermeable and magnetically permeable interface crack with a contact zone under thermomagnetoelectromechanical loads, not only the electrical displacement at the right crack-tip a but also the shear stress at the right crack-tip b exhibit a square-root singularity. For a fixed tension load, in general, the contact zone length increases with the increasing of only one of the applied thermal flux (as q 0 e > 0), electrical load (as k D > k D ) and shear load (as j > 0). Similar to the interface crack problem of purely elastic materials, for magnetoelectroelastic bimaterals, when only thermal load is applied, the relative contact zone length is a definite value denoted as k 0 . And for definite megnetoelectromechanical loads, the relative contact zone length will tend to k 0 when the applied thermal load is large enough. As no electrical load applied, Mode-II SIF and ERR, as fracture parameters, are equivalent. According to maximum energy release rate criterion, the larger Àk q is, the easier growth and propagation the right crack tip is. For the considered bimaterials, both the negative electrial load and large positive electrial load always impedes crack propagation and growth. The small positive electrial load and the directions of the applied electrical load have more or less effects on the ERR.
